The structural and electrical properties of α-LiZr 2 (PO 4 ) 3 are studied at room temperature for the first time. A room-temperature stable α-LiZr 2 (PO 4 ) 3 phase (ܴ3ܿ, a = 8.85196(4) Å and c = 22.1510(1) Å) is prepared by a modified sol-gel approach. The material exhibits a roomtemperature (25 °C) total conductivity of 1.63 × 10 -6 Scm -1 at a density of 76 % of the theoretical density. A room-temperature bulk conductivity as high as 1.58 × 10 -4 Scm -1 can be estimated from the impedance measurements. Conductivity measurements suggest that a nominal α→ α'
Please note that technical editing may introduce minor changes to the text and/or graphics, which may alter content. The journal's standard Terms & Conditions and the Ethical guidelines still apply. In no event shall the Royal Society of Chemistry be held responsible for any errors or omissions in this Accepted Manuscript or any consequences arising from the use of any information it contains.
INTRODUCTION
Lithium ion conducting NASICONs are widely investigated as potential solid electrolytes for lithium battery applications. NASICON-structured Li x B 2 (PO 4 ) 3 phases exhibit a framework structure consisting of corner-shared PO 4 tetrahedra and BO 6 octahedra, which can accommodate lithium ions in two types of interstitial sites, commonly referred to as M1 and M2; the M1 sites are situated between pairs of BO 6 [3, 4] . Efforts have therefore been directed to stabilize (rhombohedral) α-LiZr 2 (PO 4 ) 3 at room temperature via several approaches such as varying synthesis conditions (e.g. quenching [15] ) and aliovalent doping [16] [17] [18] . Mixed phases such as lithium zirconium/titanium phosphate and lithium zirconium phosphate/arsenate have also been prepared [19, 20] . In this report a room-temperature stable α-LiZr 2 (PO 4 ) 3 phase is successfully prepared using a modified sol-gel approach, which has enabled structural and electrical characterization of the material at room temperature for the first time.
MATERIALS AND METHODS
A modified sol-gel procedure was employed to synthesize 
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ground and calcined in air at 550 °C for 24h to remove organic components. The obtained powder was then isostatically pressed into pellets at 150 MPa and calcined in air at 1200 °C for 6h. An alumina disc covered with a thick platinum sheet was used as a sample holder for the calcination step. The sintered pellets were then either crushed to be examined by X-ray powder diffraction (XRD) or directly used for conductivity measurements. We found that syntheses starting with ~ 5 wt. % deficiency of the phosphate source (lithium dihydrogen phosphate) produce α-LiZr 2 (PO 4 ) 3 phases of high purity.
X-ray diffraction (XRD) data were collected with an X'Pert Pro PANalytical (reflection mode) and a Bruker D8 (transmission mode) diffractometers, using CuKα radiations. Rietveld refinement based on XRD data were performed using the GSAS suite of programs [21] .
Scanning electron microscopy (SEM) studies were performed using a MERLIN machine from Zeiss. AC impedance measurements were recorded using Alpha-A high performance modular measurement System (from Novocontrol technologies) in the frequency range of 10 MHz to 1 Hz and using an electrical perturbation of 20 mV. The data obtained were then analyzed by the software package WinDETA. Pellets with a thickness of 5-9 mm and a diameter of 10-13 mm were used in the conductivity measurements. Au electrodes were gas phase deposited on the circular sides of the pellets by thermal evaporation and copper discs were used to collect the current. Variable temperature conductivity measurements were carried out using a Novocool cryosystem (from Novocontrol technologies) in the temperature range ̶ 20 ̶ 100 °C. Prior to each impedance measurement, the samples were equilibrated for 1 h at constant temperature. The differential scanning calorimetry (DSC) measurement was performed using a Seiko DSC 220 at a heating rate of 5 °C/min XRD analysis of the as-prepared LiZr 2 (PO 4 ) 3 showed that the material is single-phase with no evidence of impurity or unreacted phases (Figure 2a) . The XRD pattern of the material was readily indexed on a rhombohedral unit cell (ܴ3 ത ܿ space group), consistent with a NASICONtype structure. The XRD pattern is characterized by the absence of the peak splitting which is commonly observed in previous studies and suggests a distortion of the NASICON-type structure [8, 15, 22] . No significant change is observed in the XRD pattern after storing the material for about one year ( Figure 2b ; the inset), indicating that no relaxation of the framework from rhombohedral to monoclinic/triclinic has occurred. Rietveld refinement based on XRD data of LiZr 2 (PO 4 ) 3 was performed using the GSAS suite of programs. The crystal structure was refined by starting from the ideal NASICON atomic coordinates with Zr, P and O atoms in the claimed that the resulting phase is rhombohedral (with slight distortion) at room temperature, but they reported significantly different lattice parameters (a ≈ 8.79 Å and c ≈ 22.78 Å) [15, 22] .
Hence, the α-LiZr 2 (PO 4 ) 3 phase prepared in this study has similar lattice parameters to that stabilized at temperatures above room-temperature, indicating that the transition temperature of LiZr 2 (PO 4 ) 3 has probably been lowered to a value below room temperature. The ionic conductivity of the as-prepared α-LiZr 2 (PO 4 ) 3 was examined by AC impedance spectroscopy using gas-deposited gold electrodes. The impedance of the material shows a strong dependence on temperature. The impedance spectra can be described in terms of two semicircles (at high and intermediate frequencies) and a low frequency tail; and, over the studied frequency range, a shift of the observation window from left to right, i.e. towards lower frequencies, occurs as the temperature increases. Figures 4 and S1 (supporting information) show the Nyquist impedance plots for the material (two different pellets) in a temperature range from ̶ 20 to ̶ 100 °C. The high frequency semicircle disappears from the spectra at temperatures > 30 °C.
However, this semicircle progressively appears, and the low frequency spike diminishes, as the temperature is decreased ( Figure 5 ). The impedance data were well fitted using R(RQ)(Q), R e (RQ)(RQ)(Q) or R e (RQ)(RQ) equivalent circuits depending on the temperature; (RQ) [a parallel resistance/constant-phase-element] and (Q) [a constant phase element] correspond to a semicircle and the long tail in the z plane, respectively, while R e is added to account for the electronic resistance of the measurement system. The impedance at 25 °C, for example, is fitted using the R e (RQ)(RQ)(Q) equivalent circuit (Figure 4d ). Although the high frequency semicircle is not fully defined in this plot (Figure 5 ), the data were well fitted using R e (RQ)(RQ)(Q) rather than the R(RQ)(Q) equivalent circuit. We generally attribute the first semicircle (high frequency), the second semicircle (intermediate frequency) and the low frequency tail to the impedance representing bulk, grain-boundary and electrode contributions, respectively. This is consistent with the results reported elsewhere where, within a fixed frequency range, the grain and grain boundary contributions to the impedance become more distinguishable, and the electrode contributions diminish, as the temperature decreases. This impedance behavior is also consistent with the behavior observed for isostructural LiTi 2 (PO 4 ) 3 [23] . For LiTi 2 (PO 4 ) 3 (and using lithium borate as a sintering aid), the semicircles corresponding to bulk and grain-boundary effects were observed at -50 °C while both disappeared at 90 °C. Since Au blocking electrodes are used in our experiments, the appearance of the low frequency tail (at appropriate temperatures) generally suggests that the observed transport effect is mainly ionic and corresponds to lithium ion mobility [24, 25] . The bulk conductivities of the material could be therefore estimated from the fitting data of the high frequency semicircle, or the intercept of the intermediate frequency semicircle (at the high frequency side) with the real Z axis (for data collected at temperatures > 25 °C and fitted using R(RQ)(Q) equivalent circuit).
The measured total and bulk conductivities of as-prepared α-LiZr 2 (PO 4 ) 3 3 is similar to that observed for α-LiZr 2 (PO 4 ) 3 in this study, however, the improved total conductivity is probably related to an improved sinterability due to Ca-doping. Hence, our study provides structural and conductivity data for α-LiZr 2 (PO 4 ) 3 at room temperature that can be compared to the available data for ranges were used in their study [8] . The observed activation energy in our study, in the . Figure S1 . Impedance spectra for α-LiZr 2 (PO 4 ) 3 measured using Au electrodes (frequency range from 10 MHz to 1 Hz; 20 mV amplitude) in the temperature range ̶ 20 ̶ 110 °C.
